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Introduction
As an aircraft flies through clouds at temperatures below 0 °C , super-cooled water droplets may impinge upon vulnerable aerodynamic surfaces and accumulate as ice, especially on the leading edges of wings, fins, tails, jet intakes or propellers [1] . Ice accretion adds weight, increases drag, and may significantly reduce lift, leading to a complete loss of control [2] . Ice accretion has been a contributing factor in 9.5% of fatal air-carrier accidents [3] , and has consequently attracted considerable research interest aimed at developing energy-efficient anti-icing (AI) and de-icing (DI) systems.
Carbon fibre reinforced polymer (CFRP) composites have become the predominant material on the primary structure of the latest generation of passenger aircraft, owing to their superior specific strength and stiffness compared to traditional metallics. In the latest generation of wide-body passenger aircraft, e.g. Airbus A350 XWB and Boeing 787, more than 50 wt% [4] CFRP composite has been utilised in their primary structure. However, the relatively low thermal conductivity and the ever-greater emphasis on energy efficiency, demand a new approach to prevent ice accretion on susceptible aerodynamic surfaces. One of the most widely used anti-icing/de-icing (AI/DI) techniques is the hot-air-bleed system. The air is bled from the engine compressor stages, piped to vulnerable areas and expelled through small holes to the inner surface of the leading edge skin to heat the outside surface by thermal conduction [5, 6] . As CFRP composites have much lower thermal conductivity compared to metals, more hot air is required, leading to higher thermal losses and energy consumption. In addition, air-bleed decreases the efficiency of the engines, and the piping network adds weight and maintenance costs [7] . In recent years, diverse ice protection systems have been investigated, including electrothermal systems [6] [7] [8] [9] [10] [11] [12] , electro expulsive systems [13] , superhydrophobic coatings [14] [15] [16] and flexible pneumatic boots [17] . Among these, an electro-thermal system can be used for both anti-icing and de-icing, where a moderately conductive foil or wire element is commonly embedded in the critical surface and resistively heated. As current passes through the element, the heating weakens the bonding between the ice and impinged surfaces and the ice is consequently dislodged by the airflow [18] . The electrical heating element is the key component for this system. Metal is currently used for this function (eg. Boeing 787) but suffers from bonding, weight and heating uniformity problems [19] . As a consequence, alternative materials have been investigated, including carbon nanotubes (CNTs) [6, [9] [10] [11] [20] [21] [22] [23] [24] [25] , carbon fibre (CF) [12] and electro-conductive textiles [7] .
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Although CNTs possess excellent electrical conductivity at the individual level, macroscopic constructs of CNTs entail innumerable resistive contacts which can be utilized to produce an electro-thermal heating element. The macroscopic magnitude of the resistance can be tailored by functionalization but also, and more readily, by varying the amount or concentration of CNTs with virtually no weight penalty, given their vanishingly small mass. This, together with their exceptional specific strength and stiffness and compatibility with CFRP composites allows CNT heaters to be designed and shaped to optimize energy use to achieve antiicing/de-icing while maintaining the structural integrity of the CFRP composite structure.
Dispersed CNTs have been widely investigated as the heating element [10, 20, 21] , and applied through different methods. However, as dispersed CNTs present numerous challenges, such as achieving uniform dispersion, and difficulty in tuning for specific properties, aligned CNTs have emerged as potential efficient heating elements. Janas and Koziol et al. [22, 23] have
X. Yao, BG. Falzon, SC. Hawkins, S. Tsantzalis developed CNT films and CNT wires, which were directly spun from an aerogel produced by chemical vapor deposition (CVD) and continuously deposited onto a rotating winder [26] .
However, the resulting CNT assemblies have high loading of catalyst and amorphous carbon as well as disordered CNTs. Wardle et al. [6, 9, 24] conducted research on the electro-thermal properties of a heating system with aligned 'knocked-down' CNTs as the heating element, and proposed a thermal-mechanical de-icing system which employed aligned CNT as the heating element. Knocked-down CNTs are obtained through pressing down and shearing aligned CNTs in one direction. As a result, there is very little that can be done to adjust the resistance. Fuzzy fibres [27] , i.e., growth of CNTs on CF fabrics, is attractive for some applications but entails both extensive processing and often significant damage to the CF performance.
A uniquely useful form of high purity, highly specified CNT material is as 'directly drawable forests' of CNTs grown on a substrate such as silicon wafer, achieved through a carefully controlled CVD process [28] As illustrated by Musameh et al [30] , the resistance of a laminated CNT web decreases inversely to the number of layers. Also, within a single web, the length of CNTs can be controlled during the CVD procedure. Accordingly, by controlling these three parameters (number of layers, orientation and length of CNTs), the desired electro-thermal properties of the CNT web can be achieved. Directly drawn carbon nanotube (CNT) web is a promising alternative to metal heating elements in that it adds very little weight, is compatible with composites and indeed may contribute to the structural performance, and, being highly anisotropic, flexible and adaptable, offers exceptional flexibility in design and fabrication to optimize performance. In this work, heating elements comprising CF laminates alone and in combination with interlaid CNT web are investigated. The effects of curing pressure on CFRP composite fibre volume fraction, resistance and thermal conductivity, with and without CNT web interlayers, as well as the effects of different CNT layer morphologies, are discussed.
Experiments

Materials
Aerospace grade IM7/977-2 carbon fibre/epoxy unidirectional prepreg (Cytec/Solvay), was used in this work. The CNT forests were fabricated by CVD of acetylene at 700 °C, grown on a silicon wafer with iron catalyst [28, 29] . The obtained CNTs, with an average length of 300 µm, and an average diameter of 10 nm (Fig. 1a) , were drawn directly into a fine continuous web of aligned CNTs and wound onto mounting frames ( Composite laminates (100 mm × 70 mm), made of 18 plies of prepreg were cured at 177 °C for 3 hours using a platen press (COLLIN P200P), combined with vacuum. Copper buses were placed 40 mm apart between plies 9 and 10 to create a heater area of 40 mm × 70 mm (Fig. 1c) . Specimens with carbon fibre (CF) perpendicular (⊥) or parallel (//) to the buses were made under high ('HP') and low ('LP') curing pressures ( Table 1) . HP samples with CNT web (denoted 'NT'', one web comprising 20 layers) placed perpendicular to the buses ( Fig. 1c) and embedded in the middle of HP samples were also prepared. Subsequently, the effect of CNT webs placed as two webs each of 10 layers, or 5 webs of 4 layers was studied (Fig. 7) . The buses are all in the middle, i.e. with 9 layers of CF on each side.
Characterization
A Hitachi FlexSEM1000 Scanning Electron Microscope (SEM) was used to observe the morphology of CNTs and cross section of the specimens. Thermogravimetric analysis (TGA, TA Instruments SDT-Q600) was used to find the fibre volume fraction and an Agilent 34450A 5½ Digital Multimeter to measure the resistance of the samples using the 4-wire method. Thermal conductivity of the samples was measured by a TC analyzer (TCi Mathis) using a modified transient plane source (MTPS) technique. In this test, the heat generated by the heating element of the sensor, with a known applied current, yields a temperature rise, at the interface between the sensor and the sample, which causes a change in the voltage drop of the sensor element. The rate of the voltage rise is used to determine the thermal conductivity of the sample. Before the thermal conductivity measurement, the surface roughness, R a , of the samples was reduced by sanding to less than 1 µm for a more uniform contact between sensor and specimen surface. The resistive heating performance of the composites, including temperature vs. time and temperature distribution, were investigated. The current was supplied by a DC power supply, and the temperature of the samples recorded by RS-1384 4 Input Data Logging Thermometers using K-type thermocouples (TCs) (Fig. 2) . Six thermocouples were placed at different locations on the sample, three in the middle (M1, M2, M3), two on the copper buses (C1, C2) and one near the edge (E). Furthermore, the temperature distribution was monitored by an FLIR i60 thermal imaging camera, with image frequency of 9 Hz and IR resolution of 180 × 180 pixels. The sample was placed over two wooden blocks, as indicated in Fig. 2 in a still air environment at ambient temperature. Table 1) . Fibre weight fraction ‫)݂ݓ(‬ was obtained through TGA (Fig. 3) . The weight fraction, ‫݂ݓ‬ was converted to volume fraction ܸ݂ [31] using,
where the density of CF is known (ρ݂ =1.78 g/cm 3 ) and the density of the composite (ρܿ) can be determined (m c /V c ). Each sample was cut from the middle to obtain a rectangle with a size of approximately 3 cm x 4 cm, then sanded and the edges polished to make them smooth and straight to calculate the volume and density. The TGA analysis (Table 2) shows that CF//Cu and CF⊥Cu samples manufactured under high-pressure have 8.8% and 11.1% higher fibre volume fractions respectively than their low pressure counterparts.
Effect of curing pressure and insertion of CNT web interlayer on CFRP resistance and thermal conductivity
The resistance varied between samples under different curing pressures and CF orientation, with higher pressure (and hence higher fibre volume fraction) giving a reduction in resistance of 36% to 22.3 Ω for the CF//Cu orientation and 96% for the CF⊥Cu sample from 3.45 Ω to just 0.13 Ω (Table 3 ). This reflects both the improved CF to CF and CF to Cu bus contact with lower resin content and also the conduction along the CF fibres rather than across them for the perpendicular and parallel orientations respectively. Inclusion of only one CNT web (Fig 4a-c , also see Fig. 2) ), exhibit the highest temperatures as the current must travel between the buses by crossing from CF to CF. The specimen resistance is thus mainly due to CF -CF contact. This is much higher than the CFCu contact resistances which do not heat up as strongly (TCs C1, C2 Fig 4a-c) . Furthermore, as the thermal resistance along CF is much lower than across a CF specimen, where heat must also move from one fibre to the next, the area between the buses heats relatively uniformly but heat cannot spread readily outside this zone (TC E, Fig. 4a-c) . For CF⊥Cu samples, current travels from one bus to the other along the carbon fibre and hence the sample resistance is low. The contact resistance between CF and Cu is comparable to the sample resistance, so the buses heat up as well (Fig. 5h) . Therefore, TC points C1 and C2 have the highest temperatures (Fig 4d-f) and the section outside of the heated zone (ie TC E) also becomes hot. The broader distribution of heat for the same energy input results in a lower maximum temperature for the given power consumption.
To better understand the heat generation and transfer process, an infra-red camera was used to observe the performance of //HPNT and ⊥HPNT samples (Fig. 5) . The pictures were taken 90 s after commencement of heating (Fig. 5a,b) ; at steady state after heating for 300 s (Fig.   5c,d ); and 60 s after heating was ceased (Fig. 5e,f) . For CF//Cu samples, the area between the electrodes heats quite uniformly as heat is transferred efficiently parallel to the copper buses but not across them to the outer edges of the sample (Fig. 5a,c,e,g ). Thus, the heat dissipation the ~40% lower temperature increase seen for CF⊥Cu samples (Fig. 4) . In addition, the lower resistance of the ⊥HPNT sample makes the CF-Cu contact resistance more significant so excessive heating occurs at those locations (Fig 5b,d,f,h ). The difference between the trends in thermal and electrical conductivity is related to their conduction modes. CFRP composites are solids with crystalline structures, and their heat conduction mainly depends on the energy transfer by molecular and lattice vibrations in the form of phonons. Phonon interactions include phonon-phonon scattering (normal process and umklapp process), phonon-defect scattering and phonon-boundary scattering, and the umklapp process contributes to the thermal resistance [33] . The thermal conductivity is related to the value of the mean free path of phonons. Although the embedded CNTs have higher thermal conductivity and will provide more thermal pathways, composites with different dispersion of CNT web interlayers represent similar thermal conductivities. This could be explained in two ways as, on one hand, the CNT web interlayers will also lead to the phonon scattering at the innumerable CNT -CNT and CNT -CF junctions. On the other hand, compared with the content of carbon fibre and epoxy, the mass of CNT is negligibly small. For the electrical conduction, the CNT web interlayer provides efficient low energy paths for the electrons which contribute to the resistance reduction. The phenomenon is more obvious for the composites with the CNT web interlayer in direct contact with the copper buses where
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Cu-CF and CF-CF conduction is less important. As seen in the SEM images (Fig. 8) , CNTs extend continuously between the carbon fibre/epoxy laminates, which provide an efficient pathway for the electrons between the two electrodes.
Conclusions
Composite specimens were manufactured under low and high curing pressure, and the carbon fibre volume fraction increased by 8.8% and 11.1% for //HP and ⊥HP samples respectively.
Increasing the cure pressure and adding CNT web interlayers improves the electrical and thermal conductivities of the composite specimens and can be used to adjust the conductive properties of the heating element, to make the resistive heating more efficient. In addition, the carbon fibre direction has a dominant influence on heating efficiency and thermal distribution.
For CF⊥Cu samples, current flows along fibres, and the resistance of the sample is low, while the resistance of the CF -Cu bus contact is relatively high. More heating occurs at the electrodes and heat spreads readily outside the heated zone. For CF//Cu samples, current must travel from fibre to fibre, the resistance of the sample is high, while the resistance of the electrode contact is relatively low. Heating occurs between the electrodes and does not spread 
